Introduction mosomes as microscopic substrates on which to examine higher order chromosome structure. Using Since the mitotic metaphase chromosome is the main multicolor fluorescence in situ hybridization (FISH) with visual frame of reference for making chromosome maps, probes for heterochromatic and euchromatic, repetitive it is important to understand how the linear DNA seand unique chromosomal regions, we present direct quence, and particularly functional landmarks of this visual evidence that specific DNA sequences are associsequence, relate to the three-dimensional organization ated with the axial region of extracted mammalian metaof these chromosomes. The radial loop/scaffold model phase chromosomes and that chromosomal DNA is inof chromosome structure proposes that higher order deed organized into loops. The organization we observe chromosome packaging arises through the arrangement is symmetrical on the two morphologically distinguishof the 30 nm chromatin fiber into loops tethered to a able sister chromatids of the mitotic chromosome. Thus, proteinaceous scaffolding structure (reviewed by Earn- it is likely that these attachments may reflect some asshaw, 1988). The term chromosome scaffold was coined pect of the in vivo organization of the metaphase chroby Paulson and Laemmli (1977) to describe a residual mosomes relative to the chromosome scaffold. Our data structure, seen by electron microscopy (EM) of exsupport the hypothesis that origins of replication are tracted mammalian mitotic chromosomes, that retains associated with the chromosome scaffold. The DNA at the approximate size and shape of the unextracted chrohuman centromeres appears to have an unusual organimosome. Loops of DNA could be seen emanating from zation with respect to the central part of the chrothis scaffold.
mosome. The mitotic scaffold contains only 3%-4% of the chromosome mass, and its two major protein components are ScI (170 kDa) and ScII (135 kDa) (Lewis and Laemmli, Results 1982) . ScI is topoisomerase II, and the first evidence for a mitotic scaffold seen with the light microscope was
Morphology of Extracted Chromosomes
After extraction of proteins with a variety of agents, the pattern of topoisomerase II immunofluorescence on the long axis of chromosomes swollen in hypotonic mammalian mitotic chromosomes have been shown to retain a characteristic shape when examined by EM buffer (Earnshaw and Heck, 1985) . A similar localization is seen with ScII, a member of the SMC (for stability or by light microscopy (Paulson and Laemmli, 1977; Jeppesen and Morten, 1985) . A central chromosome of minichromosomes) family of proteins .
scaffold running the length of the chromosome is seen surrounded by a halo of DNA. By EM, this halo can be It has variously been proposed that important functional elements such as centromeres, replication origins, seen to consist of loops of DNA emanating from the chromosome core. The scaffold reflects the structure telomeres, or sites of transcription might be associated of unextracted metaphase chromosomes, with paired be poor at discerning the limits of the halo where the relative DNA concentration is low. sister chromatids often still attached to each other at the position of the centromere. Scaffolds of apparently
We needed to ensure that the extracted chromosomes could withstand the rigors of FISH. Chromosomes fixed identical protein composition are prepared from mitotic chromosomes extracted with 2 M NaCl (high salt), 10 in formaldehyde performed poorly, with grossly disfigured morphology after denaturation and hybridization. mM NaCl plus the polyanions dextran sulphate or heparin (low ionic strength), or low concentrations (5-25 mM)
Chromosomes fixed with methanol-acetic acid (MA) after extraction were more robust, generally retaining of the ionic detergent lithium-3,5-diiodosalicylate (LIS). Figure 1 shows 4Ј-6-diamidino-2-phenylindole (DAPI)-recognizable chromosome axes and paired sister chromatids, after FISH. Chromosomes extracted with 2 M stained human metaphase chromosomes prepared in polyamine (PA) buffer and extracted with increasing salt NaCl or LIS often lost their distinctive morphology following FISH; consequently, most of our analyses have concentrations. Thiol reagents were absent during chromosome preparation and extraction, and Cu 2ϩ was often been performed on chromosomes extracted with 0, 0.5, or 1.0 M NaCl, and the residual structure visualized by included to stabilize the residual structures (Lewis and Laemmli, 1982) , although its omission did not seem to DAPI staining in the center of the extracted chromosomes is here referred to as the axial region or core of affect the resulting data. We chose this method of chromosome isolation because chelation of divalent cations the chromosome. during preparation and extraction of chromosomes has been shown to prevent cytoskeletal components stickThe Relationship of Satellite DNAs to the ing to the chromosome periphery, resulting in cleaner Axial Region of Extracted Chromosomes chromosomes and scaffolds. This chelation induces
The most distinctive morphological landmark of mamsome chromosome swelling; consequently, a central malian metaphase chromosomes is the primary conchromosome axis and surrounding halo of DNA can be striction, the site of the centromere. This constriction seen even in chromosomes exposed to extraction buffer suggests that centromeric chromatin is in a higher order in the absence of added NaCl (Figure 1a ) (Marsden and conformation that is different from that in the chromoLaemmli, 1979). After salt extraction, the basic shape of some arms. One of the brightly stained areas of the axial the metaphase chromosome was generally maintained region of extracted chromosomes appears to mark the with paired sister chromatids. The material remaining at position of the centromere, at least in chromosomes the chromosome axis often had a punctate appearance, extracted in low salt ( Figure 1a ). These sites may be with paired regions of particularly intense staining along equivalent to residual kinetochores (Earnshaw and the sister chromatids (Figures 1a, 1b, and 1c) and, by Laemmli, 1983) . Even after extraction at high salt conanalogy to lampbrush chromosomes, these may correcentrations, sister chromatids still converge at the likely spond to chromomeres. The symmetry in morphology position of the centromere (Figure 1d ), even though the between sister chromatids argues against artefactual chromatids are far apart and no interconnecting DNA aggregation of DNA on the slide. fibers are visible with DAPI. The mean length of the chromosome axis seen is
The alphoid family of satellite DNA is found at human approximately 7 m at all salt concentrations, but the centromeres and may have some role in centromere length can vary enormously, with some measuring up function. We examined the location of alphoid DNA on to 24 m in length. This is three times longer than the extracted chromosomes by use of FISH with either a largest human chromosome (chromosome 1) in a congeneral probe for alphoid DNA (p82h) or a probe ventional metaphase spread. The mean width of a typi-(pCL11A) specific for the alphoid DNA on human chrocal chromosome axis after extraction decreases with mosome 11, a C group chromosome on which the cenincreasing salt concentration from 0.84 m at 0 M NaCl tromere is located one third of the way down the length to 0.25 m at 2 M NaCl. Conversely, the mean distance of the chromosome. Alphoid DNAs were intimately assofrom the axis that the DNA halo can be seen extending ciated with the axial region of extracted metaphase increases with increasing salt concentrations: 2.3 m chromosomes; little FISH signal could be seen on the with 0 M NaCl, 2.8 m with 1 M NaCl, and 3.5 m with surrounding halo of DNA (Figure 2 ). In chromosomes 2 M NaCl. These dimensions are similar to those of the extracted with 0.5 M NaCl, the hybridization signal was metaphase scaffold seen by EM (Paulson and Laemmli, concentrated in two intense spots, approximately 1 m 1977), but the DNA halo we can measure is smaller than apart, at the point where the sister chromatids could be seen to meet (Figures 2a and 2b) . At a higher salt that seen by EM (6-20 m in radius). DAPI staining may (c and d) Hybridization of human chromosome 11-specific alphoid DNA (pCL11A) to chromosomes extracted in 1 M NaCl. From left to right for each image: combined DAPI staining (blue) and hybridization signal (red for biotinylated p82H, green for digoxigeninlabeled pCL11A), DAPI staining alone (in black and white for clarity of morphology), hybridization signal alone (p82H red, pCL11A green), merged picture of the two central panels (DAPI staining black and white, p82h red hybridization signal and pCL11A green signal). Scale bar, 1 m.
concentration (1 M NaCl), alphoid DNA was again seen axial region of the chromosome, into loops whose length is typical of euchromatic DNA as well. mainly in two prominent spots, now up to 5 m apart, reflecting the increased separation of sister chromatids. Although no hybridization signal was seen spreading Ribosomal DNA into the surrounding DNA halo, signal could be seen
In addition to primary constrictions at the centromere, running between the sister chromatids (Figures 2c and some human chromosomes have secondary constrictions at the site of nucleolar organizers, which is the 2d). These results suggest that centromeric alphoid DNA location of ribosomal DNA (rDNA). The 400 copies of is either organized into very short compact loops not the 18S and 28S rDNA genes are arranged in tandem resolvable in our analyses or packaged in a quite differarrays of 44 kb units on the short arms of the five acroent configuration, perhaps constrained from spreading centric human chromosomes (numbers 13, 14, 15, 21, out from the axial region of the chromosome by remaining kinetochore components.
Is this higher order packaging of alphoid DNA in the metaphase chromosome a specialized feature of centromeric DNA or common to other heterochromatic satellite DNA arrays? To address this issue, we examined the disposition of the repeated DNA sequence DYZ2, which is a part of the large block of heterochromatin on the long arm of the human Y chromosome (Cooke, 1976) , on extracted chromosomes. In contrast with alphoid DNA, DYZ2 hybridization signal extended fully out from the chromosome's axial region, forming a skirt across the bottom half of the chromosome halo ( Figure 3 ). The DNA halo and the DYZ2 hybridization signal on human Y chromosomes extracted in 0.5 M NaCl extend 1-2 m away from the axial region; therefore, the loops of DNA satellite DNA sequence is organized, with respect to the Closed horizontal boxes indicate transcription units for 5.8, 18, and 28S genes. P, promoter. Vertical bars below the line show the EcoRI sites that generate 19.8 and 11.9 kb fragments from the nontranscribed spacer (NTS) and 5.9 and 7.1 kb fragments containing the transcription units and promoter regions. Below the restriction map the major sites of replication initiation are shown, both from the nascent strand abundance analysis of Yoon et al. (1995) and the 2D analysis (replication initiation zone) of Little et al. (1993) . (b-e) Hybridization of rDNA to mitotic chromosomes extracted in the presence of 0.5 M NaCl. In (b), (c), and (d), the 5.9 and 7.1 kb EcoRI fragments were detected in green and the 11.9 and 19.8 kb fragments of the NTS in red. In panel (e), the 11.9 and 5.9 kb fragments were in green and the 19.8 and 7.1 kb fragments in red. From left to right for each panel: DAPI staining (black and white), green hybridization signal, red hybridization signal, combined DAPI staining (blue) with both green and red hybridization signals. Scale bar, 1 m.
that it might be possible to detect a differential distribuand 22). rRNA genes are sites of high levels of transcription of the transcribed and nontranscribed parts of the tion and one of the few instances where the location rDNA repeat unit relative to the axial region of extracted of origins of replication has been examined on human mitotic chromosomes. chromosomes. Many studies have linked origins of repliFigures 4b-4e show the hybridization profiles of the cation with SARs (e.g., Amati and Gasser, 1988; Dijkwel rDNA NTS and the rRNA genes themselves on human et al., 1986). Although initiation of replication can occur chromosomes expanded with 0.5 M NaCl. The positions throughout most of the 31 kb nontranscribed spacer of the hybridization signals are consistent with the loca-(NTS) of the human rDNA repeat (Little et al., 1993) , it tion of the rDNA repeats on the short ears of the acrocenpredominates in the middle of the 11.9 EcoRI fragment tric chromosomes. In Figures 4b, 4c , and 4d, red hybrid- (Yoon et al., 1995) (Figure 4a) . A matrix attachment site ization signal is from the 19.8 and 11.9 kb EcoRI has also been located at a similar position in the NTS fragments of the NTS, and the green signal is from the upstream of the 18S gene (Razin et al., 1993) .
rRNA genes, which are contained on 5.9 and 7.1 kb Not all copies of the rDNA genes are active, and it is EcoRI fragments (Figure 4a) . By comparing the distribulikely that not every potential origin is used. Within the tion of these two sets of signals relative to the morpholrDNA genes of Saccharomyces cerevisiae, only a fracogy of the DAPI-stained extracted chromosomes, we tion of the potential origins are used on any given chroobserved that the proportion of rDNA NTS signal (red) mosome, most replicons consisting of three to ten concentrated over the axial region was larger than that repeat units (Linskens and Huberman, 1988) . Neverthefrom the rRNA genes (green). Hence, in the merged imless, if the active origins within the NTS are associated ages (right-hand panels of Figures 4b, 4c, and 4d), the with the mitotic scaffold, or if transcription by RNA polypredominant color of hybridization signal over the mitotic chromosome axis is red. To examine this more merase I results in scaffold association, we reasoned closely, we delineated both the axial region of the chro-A 450 kb YAC y593 was hybridized to extracted mitotic chromosomes, and the sites of hybridization were demosome and the DNA halo and then integrated the red, tected with Texas red. To orient the signal and to detergreen, and blue fluorescence within each area. On avermine which region (if any) of the DNA detected by this age, the area occupied by signal over the DNA halo YAC was associated with the chromosome scaffold, a was 9 times that in the axial region on chromosomes series of cosmids from the same region ( Figure 5a ) were extracted with 0.5 M NaCl and 17 times larger on chrohybridized simultaneously with the YAC and detected mosomes extracted at 1 M NaCl. For both red and green with fluorescein isothiocyanate (FITC) (green). The midsignals, most of the fluorescence was found in the DNA point of YAC y593 corresponds approximately to the halo, rather than over the axial region. For the green position of the PAX6 gene (Fantes et al., 1995b ). 18S and 28S signal, on average there was 2.8 times When hybridizations were carried out with y593 and more fluorescence in the halo than in the axial region a cosmid, cFAT5, containing PAX6, signal from the PAX6 (n ϭ 43). For the red NTS signal, there was only 1.2 times region (green) appeared close to the chromosome axis, more fluorescence in the halo than in the axial region with the YAC signal (red) extending 2-3 m out into the on average, despite the much larger area of the former.
DNA halo both distal and proximal of this (Figures 5b The ratio of the fluorescence in the axial region to the and 5c). The position of signals relative to the chromohalo for the red NTS signal was divided by the same some core was consistent with the known localization ratio for the green rRNA signal. The resultant mean figure of these sequences in 11p13, midway down the short (x ϭ 1.5 Ϯ 0.4, n ϭ 43) confirms that there is a relative arm of human chromosome 11. The distribution of red concentration of NTS over rRNA genes at the axial region and green signals relative to the chromosomal axis was of salt-extracted acrocentric chromosomes. From these approximately symmetrical on sister chromatids (Figdata, we conclude that within the human rDNA repeats, ures 5b and 5c). the predominant sites of association with the axial reIf there is a consistent site of attachment to the chrogion of the chromosome are within the NTS rather than mosome core in the vicinity of the DNA detected by the 18S and 28S rRNA genes.
cFAT5, then we should be able to move the green cosOf the two EcoRI fragments that make up the NTS of mid hybridization signal relative to the red signal from the human rDNA monomer, most replication initiation y593 by using cosmids proximal or distal of PAX6 (Figure events seem to occur within the 11.9 kb fragment (Yoon 5a) . Figure 5d shows the hybridization patterns of y593 et al., 1995). Therefore, we hybridized extracted chromo-(red) on extracted chromosomes with a series of cossomes to rDNA probes labeled such that the 11.9 kb mids (green). In all cases, a V-shaped hybridization sig-NTS fragment and the adjacent 5.9 kb 18S fragment nal from y593 is obtained, indicating an attachment point ( Figure 4a ) were detected in green, whereas the 19.8 kb in the region detected by the central portion of this YAC. fragment of the NTS and the 7.1 kb fragment carrying The y593 signals from 53 extracted chromatids were the 5.8S and 28S genes appeared in red. With this commeasured. The closest point of association with the axial bination of probe labels (Figure 4e) , it was now green region of the extracted chromosomes occurred on averhybridization signal that predominated over the chromoage 53% Ϯ 6% of the way along the y593 signal from some core. The fluorescence over the axial region and its proximal end. in the DNA halo was again integrated. The mean ratio cp60 is located approximately 150 kb proximal of of the fluorescence in the axial region to the halo for PAX6, and indeed, the green hybridzation signal from the red signal divided by that for the green signal was this cosmid is located out in the DNA halo in the proximal x ϭ 0.5 Ϯ 0.3 (n ϭ 5). The results of our analysis of the stretch of YAC hybridization (Figure 5d , left). On 22 measpatial distribution of components of the rDNA repeat sured chromatids, the proximal and distal extents of over extracted metaphase chromosomes suggest that the green cp60 hybridization signals were located on most association with the axial region of the chromoaverage 25% Ϯ 12% and 33% Ϯ 10%, respectively, some occurs through the 11.9 kb fragment of the NTS.
along the length of the red y593 signal from its proximal This is also the site where replication is most often initiextent. ated within rDNA (Yoon et al., 1995) .
The central image of Figure 5d again shows cFAT5 (green) and y593 (red) hybridization with the chromoSingle-Copy Euchromatic DNA some attachment point close to the DNA detected by Is the sensitivity of FISH sufficient to allow the attachthis cosmid. On 22 extracted chromatids, the proximal ment sites and DNA loops of single-copy mammalian and distal extents of the cFAT5 signals were located DNA to be seen? To answer this, we chose to study a 44% Ϯ 14% and 51% Ϯ 12%, respectively, along the unique region of the short arm of human chromosome length of y593. 11 around the PAX6 gene, for several reasons. First, this Finally, when y593 was cohybridized with a cosmid, is a very well mapped region of the human genome, c591/7, that is located just beyond the distal limit of the with overlapping yeast artificial chromosome (YAC) and DNA detected by y593 (Figure 5d ), the midpoint scaffold cosmid DNA clones available as probes for FISH (Fantes association of the YAC hybridization signal (red) can be et al., 1995a). Second, the chromosomal environment seen with the green cosmid hybridization signal now in around PAX6, at the 11p13/p14 boundary, appears to the DNA halo just beyond the distal limit of signal seen be important for the correct expression of the PAX6 from y593. The proximal limit of c591/7 signal was logene (Fantes et al., 1995b) . Last, we have used FISH to cated 101% Ϯ 12% of the length of y593 signal away analyze the replication of this region in the same cell from the proximal limit of y593 (n ϭ 9). The distal extent lines used in this paper to prepare the extracted chromoof c591/7 signal was 112% Ϯ 19% away from the proximal end of y593. somes (Bickmore and Carothers, 1995). The vertical scale above the map shows the percentage of S phase nuclei from asynchronous lymphoblastoid cultures that show FISH doublets with cosmids from this region of 11p, assayed as described by Bickmore and Carothers (1995) . Three peaks of early replication are detected, the middle one of which is in the vicinity of the PAX6 gene and cFAT5. Both cp60 and c591/7 are later replicating than cFAT5. (b and c) Hybridization of 450 kb YAC y593 (red) and a cosmid cFAT5 containing the PAX6 gene (green) to human chromosomes 11 extracted with 0.5 M NaCl. Panels from left to right: DAPI staining (black and white), hybridization signal (green) from PAX6 cosmid, hybridization signal (red) from y593, combined DAPI staining (blue) and hybridization signal. Scale bar, 1 m. (d) Hybridization to extracted chromosomes with y593 (red) and a series of cosmids (green), from left to right, cp60, cFAT5, and c591/7. Only hybridization signal from one chromatid is shown for clarity. Each image is oriented with the central chromosomal axis at the bottom of the image. The map below shows the locations of these clones relative to each other and to the region of the chromosomal DNA (A) most closely associated with the axial region of the chromosome. This map is drawn to scale according to the measurements described in the text.
All of these data are consistent with there being a However, the DNA in the vicinity of cosmid cFAT5 appears to be the earliest replicating part of the genomic predominant region of association with the axial region of extracted chromosomes in this 450 kb region of hu-DNA covered by y593 (Figure 5a ). Therefore, as was found within rDNA, the piece of unique human euchroman chromosome 11, located approximately in the middle of the DNA detected by y593 and just distal of the matin that is found in the central axial region of the metaphase chromosome is close to a chromosomal ori-DNA detected by cFAT5 (Figure 5d ). The relative separation of the proximal and distal limits of hybridization gin of replication at the level of resolution possible with these analyses. signal from each of the cosmids used in this analysis (7%-11% of the length of the y593 signal) is consistent with the size of cosmid DNA probes relative to that of Discussion the DNA contained within the YAC (450 kb).
PAX6 is the only gene that has been identified so far Organizing chromosomal DNA into loops tethered to a scaffold seems a logical way to manage large and comin this region of the genome. Its 5Ј end is also associated with the only obvious CpG island detectable by restricplex genomes. It has therefore been considered important to identify the specific regions of the genome tion endonuclease digestion of the genomic DNA encompassed by this YAC (Fantes et al., 1995a) . However, associated with chromosome scaffolds. Individual SARs and matrix attachment regions (MARs) have been exam-PAX6 is a developmentally regulated tissue-specific gene that is not expressed in the cell lines used in this ined principally through the analysis of DNA remaining bound to insoluble nuclear proteins after various biostudy (Fantes et al., 1995b) . Hence, there is no detectable transcriptional activity from the region under study.
chemical extraction procedures (e.g., Mirkovitch et al., 1984 Mirkovitch et al., , 1988 Gasser et al., 1989) . En masse SARs have data showing that replication takes place on an insoluble matrix within nuclei (Cook, 1991; Gerdes et al., 1994) . been proposed to line up to form the so-called AT queue of metaphase chromosomes (Saitoh and Laemmli, 1994) .
The Higher Order Structure of Centromeres We have provided visual evidence, from FISH with and Heterochromatin defined probes, for the specific attachment of chromo-
The frequent attachments of rDNA NTS to the chromosomal DNA to the axial core of human mitotic chromosome core (Figure 4) , and hence the small DNA loops somes extracted with concentrations of NaCl up to 1 in these regions, may explain why rDNA repeats appear M. The distinctive morphology of the extracted chromovisible as constrictions on standard metaphase chromosomes and the symmetrical organization of the DNA on somes. Whereas only the human acrocentric chromothe sister chromatids provides strong evidence that the somes 13, 14, 15, 21, and 22 have rDNA repeats and attachments we detect are specific and not artefactual. secondary constrictions, all human chromosomes have It is tempting to speculate that these attachments would a primary constriction at the site of the centromere. also persist under extraction conditions (e.g., 2 M NaCl)
Aside from the signal extending between sister chrothat remove most chromosomal proteins except for matids, we found that most of the hybridization signal those of the chromosome scaffold, although for technifrom alphoid DNA was heavily concentrated at what cal reasons, we have not been able to test this directly.
appear to be the residual kinetochores of extracted metaphase chromosomes, with little signal apparent in DNA loops (Figure 2 ). This type of higher order organizaThe Organization of Origins of Replication tion for centromeres was first suggested by Callan on Extracted Chromosomes (1982) , who noted that the presumptive centromeres of Many lines of evidence have implicated SARs in the newt meiotic prophase lampbrush chromosomes were initiation of replication. In S. cerevisae, autonomously marked by smooth round chromomeres with no associreplicating sequence (or ARS) elements are scaffold asated lateral loops apparent. Similarly, Moens and sociated (Amati and Gasser, 1988) , and attachments Pearlman (1990) demonstrated a concentration of cento the matrix of mammalian nuclei often co-map with tromeric minor satellite DNA (that like human alphoid putative origins of replication (Razin et al., 1993; Dijkwel DNA contains a CENP-B [for centromere-associated et al., 1986). Indeed, the similarity between the sizes of protein B]-binding motif) over the synaptonemal comloops and replicons has been noted in many species plex of rodent pachytene chromosomes. It is tempting (Marsden and Laemmli, 1979; Buongiorno-Nardelli et al., to extrapolate from these observations to suggest that 1982). The precise nature and position of mammalian centromeric DNA is intimately associated with the chroorigins of replication are unclear, but they have been mosome scaffold, either through a direct interaction with investigated on human chromosomes within rDNA rea scaffold-associated protein, or indirectly by packaging peats by a variety of methods (Little et al., 1993; Yoon beneath the kinetochore. This would be consistent with et al., 1995). In both S. cerevisiae and human rDNA, the morphology of the centromeric regions in classically replication predominantly initiates within the NTS (Linspread metaphase chromosomes, in mitotic and meiotic skens and Huberman, 1988; Yoon et al., 1995) . chromosomes stained to reveal their cores (Satya-PraWhen we examined the distribution of transcribed and kash et al., 1980) , and in metaphase scaffolds (Paulson nontranscribed portions of the rDNA repeat on extracted and Laemmli, 1977). human mitotic chromosomes, we found that there was However, Gerdes et al. (1994) have shown that centromore signal from the NTS than from the rRNA genes over meric DNA sequences are not retained within the residthe axial core (Figure 4) . Within the NTS, the fragment ual nuclei of cells that have been extracted with 2 M showing the strongest association with the chromoNaCl; rather, the hybridization signals extended far out some axis was the 11.9 kb EcoRI fragment (Figure 4e) , into the nuclear halo. There may be several explanations the same fragment within which most replication initiafor the discrepancy between their results and the ones tion events occur (Yoon et al., 1995) . Our visual analysis presented here. First, it is important to bear in mind that is consistent with origins of replication within the NTS the chromosomes analyzed here are in C metaphase, remaining attached to the mitotic scaffold. Most NTS i.e., they are assembled in the absence of kinetochore signal is not associated with the chromosome core, as microtubules, owing to the use of colcemid treatment. expected, since initiation of replication does not occur Hence, their centromeres may not be equivalent to those within every rDNA repeat unit on any given chromosome of untreated chromosomes. Second, since the biochem- (Linskens and Huberman, 1988) .
istry of the centromere is cell cycle dependent, it will We also analyzed the topology of single-copy hube important to analyze centromere higher order strucman euchromatin on extracted mitotic chromosomes.
ture at different stages of the cycle; those data preAround the PAX6 gene on human 11p, one consistent sented at centromeres by Gerdes et al. (1994) were from region of attachment was found in a 450 kb region of interphase cells that had been exposed neither to colgenomic DNA ( Figure 5 ). As with rDNA, the site of attachcemid nor to hypotonic treatment. Last, Gerdes et al. ment is in the vicinity of the chromosomal replication (1994) performed their analyses on cells extracted with origin. Our cytological analyses are consistent with bio-2 M NaCl, while the constraints of preserving isolated chemical studies that have identified origins of replicachromosome morphology have limited us to use of 1 M tion in many organisms as SARs (Dijkwel et al., 1986;  NaCl. It is possible that 2 M, but not 1 M, NaCl extracts proteins from the centromere that are responsible for Amati and Gasser, 1988; Razin et al., 1993) and with the chromatin structure we have observed, although we transcription state. For transcriptionally inactive sequences, 15 kb of DNA was found to extend over 2-5 m, feel that this is unlikely, given the known tight association of several of the known kinetochore/centromere a distance 10-fold greater than that we have detected at metaphase. This is consistent with the models of higher proteins, including CENP-B, CENP-C, and CENP-E, to the chromosome scaffold (Yen et al., 1991) . By EM, alorder chromosome structure that invoke a 10-fold level of compaction on passing from interphase to metamost all CENP-B (a protein that can bind alphoid DNA) is located beneath the kinetochore, with all centromeric phase. The data we have presented here strongly support DNA apparently constrained within and beneath the inner kinetochore plate (Earnshaw et al., 1984; Cooke et the radial loop/scaffold model of mitotic chromosome structure, even though we have not been able to perform al ., 1990, 1993) .
In contrast with the organization of centromeric hethybridizations to chromosomes extracted with high salt concentrations. We assume that the chromosome core erochromatin, we have found that the simple repeated sequence DYZ2 that forms part of the Yq heterochromathat remains after our chromosome extractions is related to the mitotic scaffold remaining after 2 M NaCl tin is not similarly concentrated over the mitotic chromosome axis (Figure 3) . Hence, the unusual distribution of extraction, and to the AT queue of SARs detected in the center of metaphase chromosomes by Saitoh and centromeric DNA on extracted metaphase chromosomes is not typical of all heterochromatic DNA. In addiLaemmli (1994) . It is hard to reconcile the hybridization profiles shown in this paper with the alternative folded tion, since the extent of the DNA halo in the heterochromatic part of Yq appears grossly similar to that from the chromonema and helical coiling models of chromosome structure (reviewed by Earnshaw, 1988) . The symmetrieuchromatic part of the Y above it, we conclude that the average loop sizes of heterochromatic and euchromatic cal organization of sequences on the scaffolds of sister chromatids may explain the reported symmetrical localDNAs are essentially similar.
ization of sequences relative to chromatid width on sister chromatids of conventionally spread metaphase The Chromosome Scaffold chromosomes (Baumgartner et al., 1991) . The use of and Transcription FISH with well-characterized DNA probes to analyze Our data on human chromosome 11 and at the rDNA loci the topology of DNA within metaphase chromosomes are consistent with the models of chromosome structure should prove a powerful adjunct to other approaches that suggest that there are associations between scafto the analysis of scaffolds, matrices, and nuclear skelefold attachments and origins of replication (Dijkwel et al., tons. Our analyses also provide a basis for building 1986; Razin et al., 1993) . It has recently been suggested complete two-dimensional maps of chromosomes and (Cook, 1994) that RNA polymerases play key roles in for understanding many aspects of chromosome funcdetermining the structural framework of mitotic chromotion and dysfunction. somes. Since the PAX6 gene is transcriptionally silent in the cell lines we used to prepare extracted chromo-
Experimental Procedures
somes, we can detect no role for the process of transcription in attachment to the mitotic scaffold at this Metaphase Chromosome Isolation Isolated human mitotic chromosomes were prepared by modificalocus. Similarly, since the heterochromatin at Yq pretion of the method detailed by Blumenthal et al. (1979) . The human sumably contains no transcription units, our observation male lymphoblastoid lines REN2 and NAHAS were grown in RPMI that its loop size is essentially similar to that of euchrowith 10% fetal calf serum. To obtain high mitotic indexes, colcemid matin would indicate that its mitotic scaffold attachwas added to rapidly growing cultures at 0.1 g/ml for 16 hr prior ments are not mediated through RNA polymerases. We to harvest. Cells were harvested, washed in phosphate-buffered assume that replicon size, and hence the spacing of saline (PBS), and resuspended at 2 ϫ 10 6 cells/ml in 0.075 M KCl for 10 min. Cells were then pelleted and resuspended in cold PA replication origins, is the same in euchromatin and hetbuffer (15 mM Tris-HCl, 0.2 mM spermine, 0.5 mM spermidine, 2 erochromatin. mM EDTA, 0.5 mM EGTA, 80 mM KCl, 20 mM NaCl, 0.1 mM CuSO4 [pH 7.2]) at 8 ϫ 10 6 cells/ml. After centrifugation at 1200 rpm for 5 min, the pellet was resuspended at 10 7 cells/ml in cold PA buffer compaction level of chromatin that were dependent on
Models of Chromosome
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